Body axis elongation by convergent extension is a conserved developmental process found in all metazoans. Drosophila embryonic germ-band extension is an important morphogenetic process during embryogenesis, by which the length of the germ-band is more than doubled along the anterior-posterior axis. This lengthening is achieved by typical convergent extension, i. e. narrowing the lateral epidermis along the dorsal-ventral axis and simultaneous extension along the anterior-posterior axis. Germ-band extension is largely driven by cell intercalation, whose directionality is determined by the planar polarity of the tissue and ultimately by the anterior-posterior patterning system. In addition, extrinsic tensile forces originating from the invaginating endoderm induce cell shape changes, which transiently contribute to germ-band extension. Here, we review recent progress in understanding of the role of mechanical forces in germ-band extension.
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The morphogenetic movements of Drosophila gastrulation include germ-band extension, the invagination of mesoderm and endoderm (anterior and posterior midgut invagination), cephalic furrow invagination, and dorsal folds ( Figure 1A ). The key driving force of germ-band extension is polarized cell intercalation, which will be discussed in detail below. Autonomous polarized cell behaviors, however, seem not be sufficient to fully explain germ-band extension (Tepass, 2014) . To achieve this, a systems approach considering mechanical interactions within groups of cells and with adjacent tissues is necessary. Such a systems approach has become feasible due to the recent advances in whole embryo imaging in high temporal and spatial resolution.
Illustrative of the rapid progress in this direction are two recent reports characterizing
Drosophila gastrulation movements at the whole embryo scale by selective plane illumination microscopy (SPIM) (Lye et al., 2015; Rauzi et al., 2015) .
Mesodermal invagination is the first morphogenetic movement during Drosophila gastrulation. It is initiated by apical cell contraction of the mesodermal precursor cells at the ventral side of the embryo (Leptin and Grunewald, 1990; Kam et al., 1991; Sweeton et al., 1991) . Ventral furrow formation starts about 6 minutes after onset of gastrulation. After another 4-5 minutes, the mesoderm seals at the ventral mid-line (Rauzi et al., 2015) . Mesoderm invagination, cephalic furrow formation, endoderm invagination and germ-band extension occur concomitantly. It is an issue of discussion and analysis, to which degree this coincidence reflects functional dependencies and interactions. It is, however, well known that germ-band extension is independent of mesoderm invagination, since it still timely proceeds in the absence of mesoderm invagination (Irvine and Wieschaus, 1994) . In wild type embryos, germ-band extension overlaps with mesoderm internalization for several minutes.
Similarly, in twist snail double mutant embryos, in which there is no apical cell contraction and no invagination, the displacement of germ-band cells in the first few minutes proceeds as in wild type embryos (Rauzi et al., 2015) . Thus, no obvious influence of the mesoderm movements on the germ-band extension has been observed.
In contrast, in twist mutant embryos, which form a ventral groove that does not invaginate, cell shape changes but not cell rearrangement in the lateral epidermis are reduced during germ-band extension. This reveals that tensile forces originating from the mesoderm anlage can in principle influence the lateral epidermis (Butler et al., 2009 ). More subtle, additional contributions of the ventral furrow on germ-band extension cannot be ruled out (Lye et al., 2015) .
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The morphologically visible germ-band extension is driven by cell intercalation and cell shape changes (Irvine and Wieschaus, 1994; Butler et al., 2009; Sawyer et al., 2011) (Figure 3 ). These two contributions can be separated and are genetically independently controlled. Some signs of germ-band extension can be observed in the absence of cell intercalation in mutants with impaired planar polarity, such as mutants affecting the gap gene Krüppel (Bertet et al., 2004; Butler et al., 2009 ), the pair-rule genes (Irvine and Wieschaus, 1994) , and the polarity gene Bazooka/Par3 (Zallen and Wieschaus, 2004; Blankenship et al., 2006) . In contrast, embryos lacking planar polarity, the cephalic furrow, and endoderm invagination (embryos from bicoid nanos torso-like females) do not show any signs of germ-band extension (Irvine and Wieschaus, 1994; Zallen and Wieschaus, 2004) . The dorsal-anterior movement of the posterior pole is blocked in embryos with no posterior midgut invagination (e. g. from torso mutant females) (Schupbach and Wieschaus, 1986; Irvine and Wieschaus, 1994) .
Importantly, cell intercalation occurs in these embryos (Collinet et al., 2015) . The latter findings suggest that additional extrinsic forces originating from gastrulation movements may contribute to germ-band extension. Recent studies have provided the first insights into how extrinsic pulling forces originated from the posterior midgut (PMG) invagination can actively contribute to germ-band extension on tissue scale by simulations and experiments (Collinet et al., 2015) . By the end of mesoderm internalization, the posterior midgut has already begun to move dorsally preceding the onset of ectodermal cell intercalation (Rauzi et al., 2015) , while germ-band extension has already started for several minutes. Tissue elongation is reduced markedly in embryos in which the anterior-posterior tissue displacement is blocked physically by attachment to the egg shell (Collinet et al., 2015) .
During the first 15 minutes of germ-band extension, the lateral epidermal cells are stretched gradually towards the posterior tip of the embryos. This AP cell stretching is due to mechanical coupling with endoderm invagination ( Figure 3B ). Laser cutting experiments revealed that the mechanical tension increases along the AP axis in wild type embryos during germ-band extension but not in embryos from torso females, which lack the posterior midgut (Collinet et al., 2015) . This indicates that the posterior endoderm invagination generates an anisotropic mechanical tension in the germ-band. This view is supported by the observation of a myosin II flow towards the presumptive posterior endoderm in acellular embryos (Lye et al., 2015) . The
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Cell stretching is present in eve mutants (Butler et al., 2009) , which have impaired planar polarity and lack cell intercalation. The transient nature of cell stretching suggests that cell intercalation relaxes this anisotropic mechanical tension.
Furthermore, the orientation of newly forming junctions is more oblique in torso mutants compared to wild type, suggesting that the PMG-generated anisotropic tension contributes to the orientation of new AP junctions (Collinet et al., 2015) . In summary, a PMG-generated anisotropic tension contributes to germ-band extension by initial anterior-posterior cell stretching and orienting junction growth.
The initial steps of cephalic furrow formation coincide with ventral furrow formation (Spencer et al., 2015) . The cephalic furrow marks the boundary between the procephalon and the segmented germ-band (González-Reyes and Morata, 1991;
Vincent et al., 1997) ( Figure 1A ). Cell shape changes at the anterior end of the germ-band may thus be affected by the forming cephalic furrow (Butler et al., 2009 ).
However, the mechanics of the interaction and the functional relationship between cephalic furrow formation and germ-band extension have not yet been addressed.
The dorsal transverse folds are another morphogenetic movement in early gastrulation.
These two folds depend on epithelial polarity and anterior-posterior patterning ) ( Figure 1A ). Although the initial signs of the dorsal folds appear slightly earlier than the onset of germ-band extension, they do not seem to contribute to germ-band extension (Lye et al., 2015) . The transformation of the amnioserosa (AS) from a columnar to a squamous epithelium proceeds concomitantly with later steps of germ-band extension. It is conceivable that the DV convergence of the extending germ-band mechanically pulls on the AS and promotes the flattening of the AS cells (Pope and Harris, 2008) .
and segment polarity genes (Nasiadka et al., 2002) (Figure 2A ). Germ-band extension, cell intercalation, and the directionality of cell behavior are disrupted in bicoid nanos torso-like mutants, which completely lack any anterior-posterior pattern (Irvine and Wieschaus, 1994; Blankenship et al., 2006; Zhang et al., 2014) . The gap gene Krüppel (Kr) specifies thoracic and abdominal segments in the central region of germ-band (Gaul et al., 1987; Small et al., 1991) . In Kr mutant embryos, germ-band extension and cell intercalation are impaired in the central region of the germ-band (Irvine and Wieschaus, 1994; Bertet et al., 2004; Butler et al., 2009) . Similarly, the primary pair-rule genes even-skipped (eve), runt and hairy are required for polarization of the tissue and directional cell intercalation (Irvine and Wieschaus, 1994; Zallen and Wieschaus, 2004) .
A link between patterning and planar tissue polarity was revealed by a recent study, that found members of the family of Toll receptor proteins mediating patterning and tissue polarity (Paré et al., 2014) . Similar to eve and runt, members of the Toll family are expressed in stripes along the anterior-posterior body axis (Eldon et al., 1994; Kambris et al., 2002) , Toll-2 and Toll-8 are expressed in non-overlapping stripes. The striped pattern is lost in embryos depleted for eve and runt by RNAi. Importantly, Toll-2, Toll-6 and Toll-8 cooperate to translate the striped pattern into planar polarity as indicated by polarized cell intercalation (Paré et al., 2014) . A recent study revealed that this Toll subfamily is expressed in stripes during germ-band extension in seven diverse arthropods, and are also required for germ-band elongation in Tribolium and in Parasteatoda (Benton et al., 2016) . These observations suggest that Toll family members have a conserved function in axis elongation beside their established function in immunity.
Epithelial planar cell polarity is a tissue-level phenomenon of coordinating two-dimensional cell behavior (Chae et al., 1999; Curtin et al., 2003) . Polarized cell behaviors during germ-band extension include cell intercalation. The polarized cell rearrangements are associated with the localization, dynamics and activity of non-muscle myosin II, which is a force-generating motor protein of the contractile actomyosin network. Myosin II and F-actin are specifically enriched at junctions with dorsal-ventral orientation, or parallel to the dorsal-ventral axis (Bertet et al., 2004; Zallen and Wieschaus, 2004; Blankenship et al., 2006) . Conversely, Bazooka(Baz)/PAR-3 and adherens junction proteins are enriched at junctions with
anterior-posterior orientation (Zallen and Wieschaus, 2004; Blankenship et al., 2006; Simões et al., 2010; Levayer et al., 2011; Tamada et al., 2012; Levayer and Lecuit, 2013 ) ( Figure 2B (Paré et al., 2014) .
In many tissues, planar cell polarity (PCP) is controlled by the conserved Frizzleddependent signaling pathway (Yang and Mlodzik, 2015) , which controls oriented cell rearrangements, including convergent extension (Perrimon and Mahowald, 1987; Walck-Shannon and Hardin, 2014 Tepass, 2014) .
The complementary polarized localization of myosin II versus Baz/PAR-3 and adherens junction proteins are necessary for polarized cell behaviors during tissue Figure 2B ). The Rho signaling pathway is important for this polarization (Simões et al., 2010; Simões et al., 2014) . Activated Rho1 at cell borders with dorsal-ventral orientation (vertical) plays multiple roles in polarized cell behavior: (1) it initiates myosin II accumulation at the cell contacts with dorsal-ventral orientation via Rho-kinase (Simões et al., 2010; Simões et al., 2014) , (2) it activates the formin Diaphanous (Dia), which decreases α-catenin accumulation at the cell contacts with dorsal-ventral orientation by initiating E-cadherin endocytosis (Levayer et al., 2011) , (3) it induces the Baz/PAR-3 protein dissociation from junctions with dorsal-ventral orientation, leading to lower levels than at junctions with anterior-posterior orientation (horizontal) (Simões et al., 2010) . The high levels of Baz/PAR-3 at junctions with anterior-posterior orientation further stabilize adherens junction complexes and reinforce a polarized distribution of E-cadherin (Simões et al., 2010) .
Interestingly, Toll-2 can act and regulate myosin II by the Rho-GTPase pathway during salivary gland morphogenesis (Kolesnikov and Beckendorf, 2007) . A similar mechanism may link A-P patterning with planar polarity in the germ-band. Recent studies revealed that the Rho1-Rok pathway controls myosin II polarity by regulating myosin II regulatory light chain (RLC) phosphorylation (Kasza et al., 2014; Munjal et al., 2015) . Quantitative live imaging and biophysical approaches revealed that both unphosphorylatable RLC and phosphomimetic RLC reduce myosin planar polarity and mechanical anisotropy and consequently affect the directionality of cell rearrangements during germ-band elongation (Kasza et al., 2014) . Furthermore, spatial control over RLC phosphorylation-dephosphorylation cycles is required for myosin II anisotropy (Munjal et al., 2015) . An asymmetrically localized actin-and Rho-kinase-binding protein, Shroom, enhances Rho-kinase and polarized junctional localization of myosin II (Simões et al., 2014) . In addition, fluorescence recovery after photobleaching experiments showed that myosin II is stabilized at the cortex in regions of increased tension, and the dynamics of myosin II is regulated by tension in a positive feedback loop (Fernandez-Gonzalez et al., 2009) . Live-imaging studies uncovered a flow of medial myosin II towards AP junctions that may generate the forces ultimately leading to junction constriction, which suggests that the dynamics of medial-cortical myosin II is involved in the myosin II polarized distribution (Rauzi et al., 2010; Levayer and Lecuit, 2013) . Taken together, the Rho signaling pathway is required for the polarized localization of myosin II versus Baz/PAR-3 and adherens junction proteins. In addition, the mechanical feedback and medial myosin II flow are involved into the myosin II polarization.
A C C E P T E D M A N U S C R I P T
Baz/PAR-3 is a multi-PDZ domain protein at the subapical region of epithelial cells.
Bazooka recruits E-cadherin into sub-apical spot junctions during cellularization. In this manner it is involved in establishing initial epithelial apical-basal polarity and adherens junction formation (Harris and Peifer, 2004; Morais-de-Sá et al., 2010) . Coimmunoprecipitation revealed an interaction between Baz and Armadillo (β-catenin in Drosophila) in vivo (Wei et al., 2005) . antagonizes its accumulation at junctions in dorsal-ventral orientation (Simões et al., 2010) . In addition, the Abl tyrosine kinase contributes to the anisotropic distribution of Arm/β-catenin, which is slightly enriched at junctions of dorsal-ventral orientation.
Abl enhances Arm/β-catenin turnover at the anterior-posterior cell junctions by phosphorylation of Arm/β-catenin on the tyrosine 667 (Tamada et al., 2012) . In abl mutants, Baz polarization is reduced and rosette formation is impaired, which may be the reason for the defective germ-band extension (Tamada et al., 2012) . Interestingly, mechanical forces can enhance Arm/β-catenin phosphorylation in APC 1638N/+ mouse colon (Whitehead et al., 2008) , and laser ablation experiments show that anterior-posterior cell borders are under high mechanical tension during rosette formation (Fernandez-Gonzalez et al., 2009) . It is conceivable that high mechanical tension enhances Arm/β-catenin phosphorylation and turnover. Such a mechanical link to the distribution of junction proteins may constitute a feedback loop that enhances an anisotropic distribution.
Mechanisms of cell rearrangement
Directional cell rearrangement by local neighbor exchange is the fundamental cellular event in germ-band extension (Figure 3 ). The epithelial cells ultimately interpose themselves between their neighbors. This decreases the width of the germ-band along the dorsal-ventral (DV) axis and increases its length along the anterior-posterior (AP)
axis (Irvine and Wieschaus, 1994) , constituting a convergent extension movement. In contrast to non-epithelial tissues, active cell movement relative to neighbors is not possible in the lateral epidermis as the epithelial cell-cell contact must not be ACCEPTED MANUSCRIPT
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10 weakened at any time during the intercalation process. The key to neighbor exchanges in epithelial tissue is junction remodeling, realizing topological T1 transitions (Weaire and Rivier, 1984) . T1 transitions consist of two phases: (1) collapse of a junction with dorsal-ventral orientation (vertical) with fusion of two 3x vertices into a single 4x vertex, (2) expansion of a new junction in anterior-posterior orientation (horizontal) in perpendicular orientation by splitting of the 4x vertex into two 3x vertices ( Figure 3C ).
In the lateral epidermis, the initial collapse concerns junctions in dorsal-ventral orientation (vertical) and new junctions expand in an anterior-posterior direction (horizontal) (Bertet et al., 2004) .
During the past decade several studies started to elucidate the mechanics of junction collapse, identifying a central role for localization, dynamics and activity of nonmuscle myosin II and the junction associated actomyosin network (Bertet et al., 2004; Zallen and Wieschaus, 2004; Fernandez-Gonzalez et al., 2009; Rauzi et al., 2010) . Myosin II is a motor protein that hydrolyzes ATP to move along actin filaments. Inactive myosin II is a hexameric complex, consisting of two heavy chains, two essential light chains (ELC) and two regulatory light chains (RLC) (reviewed by Hartman and Spudich, 2012) . In vitro studies reveal that the assembly of myo II mini-filaments and their movement along actin filaments is promoted by the phosphorylation of the myosin II RLC (encoded by spaghetti squash in Drosophila) at S21 and T20 (Suzuki et al., 1978; Sellers et al., 1985; Jordan and Karess, 1997; Winter et al., 2001) . During germ-band extension, RLC is phosphorylated by Rho-kinase (Simões et al., 2010) , which itself is activated by the Rho1-Rok pathway and GPRC signaling (Simões et al., 2014; Kerridge et al., 2016) . (Rauzi et al., 2010) . In a given cell, flow of myosin II was observed towards both junctions of dorsal-ventral orientation with a change in direction with a period of 60-180 s. This flow correlates with fluctuations of E-cadherin intensity at the junctions (Levayer and Lecuit, 2013) . These E-cadherin asymmetries are transient and alternate between the two junctions in dorsal-ventral orientation. The E-cadherin fluctuations are due to clathrin-mediated endocytosis and amplified by the actomyosin flow (Levayer and Lecuit, 2013) . Similarly, during Drosophila embryonic wound repair, polarized vesicle trafficking of E-cadherin directs actomyosin remodeling (Hunter et al., 2015) .
Position-and direction-selective laser ablation showed that cortical flow generates anisotropies in cortical tension in C. elegans zygote, in which the constitutive mechanical properties of the cortex are largely isotropic (Mayer et al., 2010) . 
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13 Simões et al., 2010) . However, abl mutant embryos, in which Arm/β-catenin turnover is reduced at the anterior-posterior cell borders, show defects of vertical junction shrinkage during rosette formation but not for T1 transitions (Tamada et al., 2012) .
This suggests specific regulatory mechanisms for the rosette formation compared with T1 transition. E-cadherin, F-actin and Bazooka localize in a spatially and temporally regulated manner to newly forming junctions during rosette resolution (Blankenship et al., 2006) . However, the detailed mechanisms remain unclear.
Junctional E-cadherin during germ-band extension
Within adherens junctions, homotypic interactions between E-cadherin molecules link epithelial cells and are thus a central player in epithelial tissue morphogenesis. As in many cell types, E-cadherin molecules do not distribute uniformly at the adherens junction, but form clusters in Drosophila epithelial cells during germ-band extension (Cavey et al., 2008) . Superresolution images showed that E-cadherin molecules form clusters in separated membranes by E-cadherin cis-interaction in Drosophila embryos by photoactivated localization microscopy (PALM). Furthermore, the molecular density analysis suggested that 25% of E-cadherin molecules in clusters in average are in cis-interaction at adherens junction in Drosophila embryos (Truong Quang et al., 2013 ). E-cadherin clusters are linked to the actin cytoskeleton via Arm/β-catenin and α-catenin, which binds F-actin as well as F-actin binding proteins, such as vinculin (reviewed by Takeichi, 2014) . During germ-band extension, the molecular machinery of adherens junctions is remodeled in conjunction with junction dynamics. E-cadherin complexes are thought to orient the actomysion flow direction Levayer and Lecuit, 2013) . It is unclear, however, to which degree E-cadherin remodeling plays an instructive role. Recent studies revealed that E-cadherin does not act as a driving force during the contact extension phase but rather stabilizes new cell contacts once they are formed (Collinet et al., 2015) . In addition to stabilization of cell-cell contacts, E-cadherin based adherens junctions transmit the forces between the neighboring cells during tissue remodeling (reviewed by Hoffman and Yap, 2015) .
Potentially, E-cadherin may have roles in new junction formation during T1
transitions, in addition to stabilizing the cell contacts. Cell intercalation is specifically delayed during the new junction formation phase in mutants with hypo-N-glycosylated E-cadherin but without obvious epithelial defects (Zhang et al., 2014) . Furthermore, at the onset of germ-band extension, anisotropic tension along ACCEPTED MANUSCRIPT
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14 the A-P body axis leads to an A-P stretching of the lateral epidermal cells with a gradual increase towards the posterior tip of the embryos. Cell stretching is reduced when cell intercalation occurs, whereas the anisotropic tension is still detected (Sawyer et al., 2011; Collinet et al., 2015; Lye et al., 2015) . It needs to be investigated if or how adherens junctions and E-cadherin are involved in the force transmission and coordination on a tissue wide scale.
Oriented cell divisions in germ-band extension
Oriented cell division is a mechanism involved in patterning and shaping a tissue during development (reviewed by Poulson, 2012) . Several studies have assessed the contribution of cell rearrangements for germ-band extension (Irvine and Wieschaus, 1994; Bertet et al., 2004; Zallen and Wieschaus, 2004) . These observations were focused on the anterior part of germ-band, where no cell divisions occur during the rapid phase of germ-band extension (reviewed by Foe, 1989) . One study has (Lye et al., 2015) . It is conceivable that the mitotic spindles of dividing cells orient according to anisotropic tissue tension ACCEPTED MANUSCRIPT
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15 similar to tension-oriented cell divisions during zebrafish epiboly (Campinho et al., 2013) .
Calcium signaling in germ-band extension
Calcium is involved in many cellular processes, including cytoskeletal dynamics and cell shape changes. Global perturbation of intracellular calcium impairs egg chamber elongation in Drosophila oogenesis, for example (He et al., 2010) . Similarly, an increase of intracellular free calcium concentration by UV uncaging of caged compounds induces cell shape change in the amnioserosa of Drosophila embryos (Hunter et al., 2014) . It is unclear how calcium is linked to cell behavior and contractility. A potential mechanism is provided by calmodulin complexes that activate the myosin light chain kinase and consequently myosin II (Kitazawa et al., 1991) . Employing live-imaging of calcium-sensitive fluorescent probes, the dynamics of calcium ions can be investigated in vivo. Live-imaging of the calcium probe G-CaMP3-GFP revealed that wounds cause an increase of intracellular calcium in the Drosophila pupa (Antunes et al., 2013) . A wave of high calcium levels was observed toward the wound center during wound healing (Antunes et al., 2013) . During germ-band extension spontaneous calcium spikes were observed both in individual cells and in groups of cells (Markova et al., 2015) . The frequency of calcium spikes increases during the fast phase of germ-band extension. However, no correlation with T1 processes and stereotypic cell and junction dynamics was observed. It remains to be investigated, whether and how the prominent calcium spikes or less obvious changes in calcium concentration contribute to cell and junction dynamics during germ-band extension.
Mathematical models of germ-band extension
Tissue remodeling is driven by the mechanical activity of individual cells. Tracing the impact of the generated mechanical forces through the surrounding tissue is essential to understand tissue morphogenesis in its entirety. For this it is also necessary to dissect the emergent "collective" phenomena that result from interactions between distributed groups of cells, which sometimes are widely dispersed as illustrated by the interaction between the posterior midgut and the germ band, described above. In In studies of epithelial morphogenesis, vertex models (Graner and Glazier, 1992; Mombach et al., 1993; Farhadifar et al., 2007; Hufnagel et al., 2007; Staple et al., 2010; Fletcher et al., 2014) provide a versatile framework to simulate processes of tissue remodeling. Vertex models describe the state of an epithelial sheet in a simplified fashion. Rather than modeling the complete three dimensional shape of every cell, only the horizontal packing across the epithelium is considered. This is motivated by the fact that the organization of cell contacts at the level of adherens junction essentially determines the topology of this packing and contains the main elements of the force generating cellular machinery: adhesion complexes and associated actomyosin. At this level the geometry of cell packing is given by the 2D positions of all vertices and the matrix of cell junctions connecting them ( Figure 5 ).
Mechanical forces generated locally or transmitted through the tissue and acting on the vertices and junctions set the geometry of the cell packing. If the forces balance, the epithelium is in mechanical equilibrium. Imbalances lead to remodeling e.g. by movement of vertices towards or away from each other representing the shrinkage or extension of connecting junctions. Most vertex models describe tissue in mechanical equilibrium. Epithelial rearrangement is then simulated by tracking how the equilibrium cell packing is reorganized when mechanical parameters change with time (Farhadifar et al., 2007; Hufnagel et al., 2007; Rauzi et al., 2008; Staple et al., 
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A C C E P T E D M A N U S C R I P T 17 2010; Fletcher et al., 2014; Collinet et al., 2015) . To determine cell arrangements in which forces generated by cell adhesion, actomyosin contractility and cell elasticity are balanced, most vertex models use an "energy" or work function. This energy is minimized at mechanical equilibrium. It is generically split into three components: (1) an area elasticity component, that increases with deviation from a preferred area, (2) a line tension component, depending on individual junction length, and (3) Through a sequence of intermediate states, vertex models can simulate topological transformations such as T1 processes. These can be generated when neighboring vertices coalesce by complete junction constriction and subsequent randomly inserted nascent junctions expanded to further relax mechanical energy (Farhadifar et al., 2007; Rauzi et al., 2008) .
Although simplified, vertex models represent informative approximations to the three dimensional continuum mechanics of epithelial tissues (Du et al., 2014; Murisic et al., 2015) . In studies of germ-band extension, vertex models have been used to establish that polarized contractile and adhesive properties are in principle sufficient to drive cell intercalation. They also demonstrated the permissive role of stochastic cell shape fluctuations in germ-band extension Accumulating evidence suggests that not only junctional actomyosin and adhesion complexes but also medial actomyosin (associated to the apical cell membrane) can play a prominent role in tissue remodeling during germ-band extension (Munjal et al., 2015; Yu and Fernandez-Gonzalez, 2016) . Few models so far include this force generating component. More work is needed to determine efficient ways to describe forces generated by medial actomyosin within a tractable modelling framework (see e.g. Chiou et al., 2012; . Most recently, vertex models of germ-band ACCEPTED MANUSCRIPT
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18 extension also started to serve as a minimalistic framework to simulate the interplay of positional information, planar polarity, biochemical regulation and mechanical cell activity (Miller and Davidson, 2013; Tetley et al., 2016) . To this end, vertex models of tissue mechanics need to be augmented by cellular level models for the biochemical kinetics of intra-and inter-cellular signaling and polarization. While the development of such integrated models is currently in its infancy (Lan et al., 2015) , they are indispensable to finally link the level of patterning, signaling and gene activation to the generation of biological form.
Despite important progress, forces in cells and tissues are not easy to measure experimentally. It is therefore attractive to use mathematical models to quantitatively infer force fields from imaging data either static or dynamic, an approach called 'video force microscopy' (Brodland et al., 2010; Chiou et al., 2012; Ishihara and Sugimura, 2012; Ishihara et al., 2013) . In essence, video force microscopy computationally determines the mechanical model best fitting a static packing or dynamic rearrangement of an epithelium (experimentally determined by time lapse imaging). The distribution of forces in the inferred model then serves as a proxy for forces acting within the tissue. In particular in epithelial morphogenesis this might open a way to assess tension states and tissue scale force maps and their dynamics in a noninvasive fashion. The prerequisites and accuracy of such an approach however needs to be further elucidated and optimized (Veldhuis et al., 2015; Sugimura et al., 2016) .
Concluding remarks
The anterior-posterior patterning system establishes in the lateral epidermis a system of planar cell polarity, which directs junctional and cytoskeletal dynamics and cell rearrangement. The directional cell behavior is due to anisotropic actomyosin contractility and the distribution of cortical proteins, generating tensile stresses. In this review, we have summarized the literature on how these factors contribute to germ-band extension and discuss open questions in our current understanding of this process.
The finding that Toll-family proteins are involved in polarization of the tissue, has started to open the black box of the molecular links between the transcriptional ACCEPTED MANUSCRIPT
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19 machinery of the anterior-posterior patterning system and the cell biology of mechanically active cell behavior (Paré et al., 2014) . Some evidence supports a role of the classical Frizzled-based PCP pathway in cell polarity in the germ-band (Warrington et al., 2013) . However, whether the Toll-and Frizzled-based PCP pathways cooperate in generating the planar polarity of germ-band cells remains to be explored (Tepass, 2014) . Beside the planar polarity, the epithelial cells have an elaborated apical-basal polarity. All studies, so far relied on observations of cross-sectional areas and actomyosin distributions at the apical and the subapical level defined by the adherens junctions. The significant third dimension of the epithelium has been neglected, so far. Important factors such as volume conservation and a potential contribution of the basal epithelial compartment need to be considered in future studies.
So far, most studies focused on autonomous processes controlling cell intercalation.
Given the advances in whole-embryo imaging (Tomer et al., 2012 ), it will soon be possible to relate the speed and timing of T1 processes to the position within the lateral epidermis and to the position relative to other T1 processes. Furthermore, better imaging combined with automated segmentation and computational analysis will generate data sets that are large and suitable for sophisticated statistical analysis.
Automated segmentation and selection of cells according to computer-defined rules will remove any subjective bias introduced by the person conducting the analysis. The stochastic nature of cell behavior and associated T1 processes has not been investigated, so far. It will be important to include stochastic components in the analysis and modeling using the variance in addition to the mean behavior as an informative parameter. Such approaches will reveal non-autonomous and coordination mechanisms of cell behavior. It is obvious from time-lapse recordings that the cells of the lateral epidermis undergo T1 transitions within a certain time frame but importantly not simultaneously. Processes and (mechano-) signalling pathways that coordinate the individual T1 processes within the tissue need to be identified.
The role of mechanical forces and tensile stress at the cellular as well as tissue level has been addressed in several studies ( Figure 3B, Figure 4 ). As the assays rely on invasive manipulations, such as laser cutting ( Figure 6A ,B), inference methods for forces such as video force microscopy (Brodland et al., 2010) or non-invasive probes
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T 20 such as FRET based force sensors (Grashoff et al., 2010) need to be further developed ( Figure 6C ). It is not clear how the forces are transmitted from cell to cell, but the E-cadherin based adherens junctions are prime candidates (reviewed by Hoffman and Yap, 2015) . Equally important as E-cadherin itself are the associated proteins, which link the transmembrane complexes to the cytoskeleton and importantly may be involved in sensing the local forces by force dependent conformation change (Cai et al., 2014) (Figure 6D ). Identification of physiological forces sensors will be important because they are key to understand the dynamic response of cells to the behavior of their neighbors.
A C C E P T E D M A N U S C R I P T In addition to junctional myosin, pulsed cortical actomyosin clusters flow towards a vertical junction, where constricting forces are generated during junction collapse.
The cortical actomyosin network generates forces (red arrows) in the old neighbors, which lead the cell contraction to promote the new junction extension (indicated by light blue arrows).
A C C E P T E D M A N U S C R I P T 22 E-cadherin tension sensor (Cai et al., 2014) .
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Highlights  germband extension in Drosophila embryos has served as a paradigm for body axis elongation  Studies during the last decade have revealed mechanisms driving cell rearrangement  Studies have revealed a central role of mechanical forces in germband extension
